Abstract. The emergence of chemoresistance is a major limitation of colorectal cancer (CRC) therapies and novel biologically based therapies are urgently needed. Natural products represent a novel potential anticancer therapy. Gambogic acid (GA), a small molecule derived from Garcinia hanburyi Hook. f., has been demonstrated to be highly cytotoxic to several types of cancer cells and have low toxicity to the hematopoietic system. However, the potential role of GA in colorectal cancer and its ability to overcome the chemotherapeutic resistance in CRC cells have not been well studied. In the present study, we showed that GA directly inhibited proliferation and induced apoptosis in both 5-fluorouracil (5-FU) sensitive and 5-FU resistant colorectal cancer cells; induced apoptosis via activating JNK signaling pathway. The data, therefore, suggested an alternative strategy to overcome 5-FU resistance in CRC and that GA could be a promising medicinal compound for colorectal cancer therapy.
Introduction
Colorectal cancer (CRC) is the second leading cause of cancerrelated death, and 5-fluorouracil (5-FU) is still the main chemotherapeutic agent used in the first-line treatment of this disease. The response rate of 5-FU monotherapy is 15% and thus modulators are added for higher response rates: combination therapy of 5-FU with irinotecan or oxaliplatin (40%), and the newly developed combination therapy of 5-FU with bevacizumab and cetuximab (60-70%) (1) . However, resistance to chemotherapy is a major cause of mortality in CRC patients. Therefore, other compounds are needed in order to increase treatment efficacy and overcome the 5-FU resistance. Furthermore, the current therapy options with 5-FU cause severe side-effects. Thus, novel agents are urgently required. Natural products are a rich source of anticancer agents and provide novel and more effective anticancer agents for therapeutic use. Gambogic acid (GA) is a small molecule extracted from the traditional Chinese medicine herb Garcinia hanburyi Hook. f. which has been used for a long time in China. GA has a strong cytotoxic effect on a variety of cancers but has very weak effect on the hematologic system (2) (3) (4) (5) . Importantly, GA has been approved by the China Food and Drug Administration (CFDA) for phase II clinical trial in solid tumor therapy (6) . There have been many research studies published demonstrating the anticancer activity of GA (3, (7) (8) (9) (10) . However, the mechanisms of action for the GA anticancer effects are not fully understood. Therefore, further molecular studies need to be conducted in order to further elucidate the mechanism of GA activity. In the present study, we have established an acquired 5-FU resistant cell line to explore the anticancer effect of GA. We demonstrated that GA directly inhibited proliferation and induced apoptosis in both drug sensitive and drug resistant colorectal cancer cells and induced apoptosis via activating the JNK signaling pathway. Data presented here Gambogic acid inhibits growth, induces apoptosis, and overcomes drug resistance in human colorectal cancer cells CHUANGYU WEN [1] [2] [3] 
Materials and methods
Cell culture. Human epithelial colorectal adenocarcinoma HCT-15 cells were purchased from the Culture Collection of Chinese Academy of Science (Shanghai, China). Cells were cultured in Dulbecco's modified Eagle's medium (Gibco Life Technologies, Carlsbad, CA, USA) supplemented with 10% inactivated fetal bovine serum (Gibco Life Technologies), 100 units/ml penicillin and 10 µg/ml streptomycin (Gibco Life Technologies) in a humidified atmosphere of 5% CO 2 at 37˚C. The 5-FU resistant cell line (HCT-15R) was established from its parental cell line HCT-15 by stepwise exposure to increasing the concentrations of 5-FU, starting at 1 µM and ending at 100 µM. 5-FU (1 µM) was included in the culture medium for HCT-15R to maintain the drug resistance. The cells were maintained in 5-FU free medium at least 2 weeks before the experiments.
Reagents. 5-Fluorouracil (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in dimethyl sulphoxide (DMSO) to a 200 mM solution and stored at -20˚C. SP600125 (SigmaAldrich) was dissolved in DMSO to a 50 mM solution and stored at -20˚C. Gambogic acid (Sigma-Aldrich) was dissolved in DMSO to a 10 mM stock solution and stored at -20˚C. PARP, caspase-3, cleaved-caspase-3, caspase-8, Mcl-1, Bcl-xl, Bcl-2, XIAP, survivin, cytochrome c, AIF, cyclin D1, p53, JNK and phospho-JNK at Thr183/Tyr185 were from Cell Signaling Technology (Beverly, MA, USA). Cleaved-caspase-9 was purchased from Abcam (Cambridge, MA, USA). Antibodies against caspase-9, β-actin and anti-mouse immunoglobulin G and anti-rabbit immunoglobulin G horseradish peroxidaseconjugated secondary antibodies were from Proteintech Group (Chicago, IL, USA).
Cell proliferation assay by real-time cell impedance analysis.
For real-time cell analysis (RTCA), xCELLigence system (Roche Applied Science, Mannheim, Germany) was used to dynamically monitor cell proliferation rates. The experiments were performed following the standard protocol developed by Roche Applied Science. Briefly, cells were seeded into 100 µl of media in an E-Plate. Cell proliferation was monitored at set intervals via measuring electrical impedance across microelectrodes on the bottom of E-Plate. The impedance was expressed as cell index (CI), an arbitrary unit. RTCA software, supplied by the manufacturer, was used to analyze the measurements.
Cell viability assay. The effect of GA on cell viability assay was analyzed by MTS assay (Promega, Madison, WI, USA). Briefly, a total of 5x10 4 /ml cells in 100 µl were treated with GA for 72 h. Four hours before culture termination, 20 µl MTS labeling mixture (MTS/PMS) was added to each well. The absorbance density was read on a 96-well plate reader at wavelength 490 nm.
Cell cycle analysis by flow cytometry. Cells incubated with 1 µM GA for the indicated times, were collected, washed and fixed with 75% cold ethanol at 4˚C overnight. After 75% ethanol was moved, cells were washed twice in phosphatebuffered saline (PBS) and labeled with propidium iodide (BD Biosciences, Franklin Lakes, NJ, USA). The cell cycle distribution was analyzed by BD FACSCanto II flow cytometry.
Analysis of cell apoptosis by flow cytometry. Apoptosis was determined by flow cytometry using an Annexin V-FITC/PI dual staining kit (Nanjing KeyGen Biotech Co., Ltd., Nanjing, China). Cells incubated with 2 µM GA for the indicated times, were collected, washed and stained in working solution (500 µl binding buffer with 5 µl Annexin V-FITC and 5 µl propidium iodide) for 15 min at room temperature in the dark. Cells were then washed and resuspended with binding buffer. Apoptotic cells were determined by BD FACSCanto II flow cytometry. Annexin V-FITC-positive and Annexin V-FITC-plus-PI positive cells were determined as apoptotic cells.
Mitochondrial membrane potential measurement. Mitochondrial membrane potential was detected using a JC-1 mitochondrial membrane potential assay kit (Nanjing KeyGen Biotech Co., Ltd.), following the manufacturer's protocol. Briefly, after treatment, cells were incubated with JC-1 staining solution at 37˚C for 20 min and rinsed twice with incubation buffer provided by the kit. Fluorescence intensity of both mitochondrial JC-1 monomers (Green) and aggregates (Red) were detected using a BD FACSCanto II flow cytometry. JC-1 stains the mitochondria of healthy cells red, and apoptotic cells green.
Western blot analysis.
Western blot analysis was performed as previously described (11) . Briefly, cells were lysed in lysis buffer containing protease and phosphatase inhibitors (Nanjing KeyGen Biotech Co., Ltd.). Protein concentrations were measured using a Bio-Rad assay kit (Bio-Rad Laboratiries, Hercules, CA, USA). Total cellular proteins were separated by SDS-PAGE and transferred to PVDF membranes followed by probed with a primary antibody overnight at 4˚C. The next day, the membrane was washed and incubated with HRP-conjugated secondary antibody at room temperature for 2 h followed by ECL detection. After detection of protein bands, the membrane was stripped and re-probed with anti-β-actin antibody to confirm equal loading of samples.
Preparation of cytoplasmic fractions. GA-treated cells were pelleted by centrifugation and rinsed with PBS. Whole cell lysates were prepared in ice-cold lysis buffer (10 mM Hepes, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.4% NP-40 with 1 mM DTT, 0.5 mM PMSF, 1 mM NaF and 1 mM Complete protease inhibitor mix) by pipetting up and down (without bubbling) ~10 times. After incubation on ice for 10 min, the lysates were centrifuged at 15,000 x g for 1 min. The supernatants were transferred to fresh tubes and referred to as cytoplasmic extracts.
Colony formation assay. HCT-15P and HCT-15R cells were seeded in a 6-well plate, with 500 cells/well. The cells were treated with either different concentration of GA or 0.1% DMSO (vehicle control) and cultured in an atmosphere of 5% CO 2 at 37˚C for the indicated times. Medium was changed every 3 days. The cells were washed with PBS and fixed in ice-cold methanol for 5 min, and stained with crystal violet. Images of the colonies were obtained using an Epson scanner. Each treatment was evaluated in triplicates, and representative images are shown.
Statistical analysis.
All experiments were performed at least 3 times, and results are expressed as mean ± SD where applicable. Statistical analysis was performed by one-way analysis of variance followed by Tukey's test by GraphPad Prism software (San Diego, CA, USA). P<0.05 was considered statistically significant.
Results

Establishment and characterization of the 5-FU resistant CRC cells.
To explore the anticancer effect of GA on 5-FU resistant cells, the CRC cell line HCT-15 was subjected to successively increasing concentrations of 5-FU (Fig. 1A) to establish 5-FU resistant cells (HCT-15R). HCT-15R cells in culture grew more slowly than drug-sensitive parental cells (HCT-15P) as shown in Fig. 1B . In order to identify the establishment of resistance to 5-FU, the sensitivities of the HCT-15P cells and the HCT-15R cells were compared. Cell viability was measured using the MTS assay. HCT-15R cells were not as sensitive as HCT-15P to 5-FU (Fig. 1C) . Additionally, the anti-apoptotic activity was measured using flow cytometry with Annexin V-FITC/PI dual staining (Fig. 1D ). After being treated with different concentrations of 5-FU (HCT-15P cells were treated with 10 µM 5-FU while HCT-15R cells were treated with 100 µM), there was increased apoptosis in both cell lines; however, HCT-15R cells were treated with 10 times the concentration of 5-FU and the apoptotic rate of HCT-15R was much lower than that of HCT-15P, indicating that HCT-15R showed more resistance to 5-FU.
GA effects on the proliferation and cell cycle arrest of both 5-FU sensitive and resistant cells.
To investigate the anticancer effect of GA on both 5-FU sensitive and resistant CRC cells, we performed a colony formation assay. As shown in Fig. 2A , treatment of HCT-15P and HCT-15R cells with GA at concentrations from 0.0625 to 0.5 µM for 7 days and 9 days, respectively, resulted in fewer and smaller colonies than those of the control group. In addition, flow cytometry analysis was used to determine the effect of GA on cell cycle distribution. After exposing CRC cells to 2 µM GA, cells were fixed, stained and analyzed by flow cytometry. As shown in Fig. 2B , there was accumulation of cells at the G 1 phase, which meant GA caused G 1 arrest in CRC cells. To further explore the mechanism of GA-induced cell cycle arrest, we investigated the expression of cyclin D1 and p53 proteins, which control the G 1 checkpoint (12,13) . The results presented in Fig. 2C demonstrate that the addition of GA decreased the level of cyclin D1 proteins and increased the level of p53, which also confirmed that GA caused G 1 arrest in CRC cells.
GA-induced apoptosis is associated with caspase activation in both HCT-15P and HCT-15R cells.
Since deregulated proliferation and inhibition of apoptosis lie at the heart of all tumor development, they are the targets for therapeutic intervention in all cancers (14) . We examined the ability of GA to induce cell death in HCT-15P and HCT-15R cell lines. Initially, the effect of GA on cell viability was measured by MTS assay. As shown in Fig. 3A , GA decreased the cell viability in a dose-dependent manner, with IC 50 values of 1.08 and 0.87 µM, respectively. Additionally, the capacity of GA to induce cell apoptosis was measured by flow cytometry with Annexin V-FITC/PI dual staining. The proportion of apoptotic cells, in a time-dependent manner, increased in both HCT-15P and HCT-15R cells (Fig. 3B) . To further verify the induction of apoptosis, apoptosis-associated proteins were measured by western blot assay. As shown in Fig. 3C , GA induced the cleavage of PARP (an indicator of apoptosis) in both dose-and time-dependent manner in both cell lines. Consistently, the levels of the precursor forms of caspases-3, -8 and -9 were decreased and that of the active forms of caspases-3, -8 and -9 were increased after GA treatment, matching the pattern of PARP cleavage, demonstrating that GA triggers CRC cell apoptosis via caspase activation.
GA-induced apoptosis is associated with the loss of mitochondrial membrane potential (MMP) and decreased expression of anti-apoptotic proteins in HCT-15P and HCT-15R cells.
Mitochondria are well known to have a central role in apoptosis, which is involved in a variety of key invents, including loss of MMP, mitochondrial swelling and release of mitochondria proteins such as cytochrome c and AIF from mitochondria to cytosol and/or the nucleus, which are recognized as indicators of the early stage of apoptosis (15) . Since loss of MMP is a crucial step and subsequently triggers the release of mitochondria proteins. First, we measured the loss of MMP in GA treatment CRC cells. As shown in Fig. 4A , Both HCT-15P and HCT-15R cells treated with 2 µM GA exhibited an increased green fluorescence signal and a decreased red fluorescence signal in a time-dependent manner. The percentage for loss of MMP increased to 65.37 and 69.57% in HCT-15P and HCT-15R cells, respectively, with GA in 24 h (Fig. 4A) . Subsequently, the levels of cytosolic cytochrome c and AIF were detected by western blot assay. As shown in Fig. 4B , after GA treatment, the levels of mitochondrial cytochrome c and AIF increased in a time-dependent manner in both cell lines. The release of cytochrome c and other apoptotic proteins from mitochondria are known to be regulated by the Bcl-2 family of proteins (16) . Therefore, the expression of Bcl-2, Bcl-xl and other anti-apoptotic proteins were measured. As shown in Fig. 4C , GA decreased the level of anti-apoptotic proteins Bcl-2, Bcl-xl, Mcl-1, XIAP and survivin in both HCT-15P and HCT-15R cells in a dose-and time-dependent manner. These results demonstrated that GA-induced apoptosis is associated with loss of MMP and GA induces AIF and cytochrome c release. Cells were exposed to GA at 2 µM for 3, 6 and 12 h, then cell cytoplasm was extracted and the released AIF and cytochrome c were detected by western blot analysis. (C) GA decreases the expression of anti-apoptotic proteins in both cell types. Cells were dose-and time-dependently treated with GA. The anti-apoptotic proteins Mcl-1, Bcl-xl, Bcl-2, XIAP and survivin were analyzed by western blot analysis. Actin was used as loading control.
pathway was involved in GA-mediated apoptosis, SP600125, a general inhibitor of JNK, was pre-treated with GA in HCT-15P and HCT-15R cells and cell apoptosis was then determined using flow cytometry with Annexin V-FITC/PI dual staining. The cleavage of PARP also was detected by western blot assay. Pre-treatment with JNK inhibitor SP600125 completely blocked GA-induced phosphorylation of JNK and c-Jun (Fig. 6A) . As shown in Fig. 6B , SP600125 pretreatment rescued the GA-induced apoptosis. The percentage of apoptotic cells decreased from 55.63 and 62.13 to 30.27 and 28.86% in HCT-15P and HCT-15R cells, respectively. Western blot assay showed that SP600125 inhibited the cleavage of PARP induced by GA (Fig. 6C) , further confirming SP600125 can rescue the GA-induced apoptosis. Together, these results demonstrated that GA induced both HCT-15P and HCT-15R cell apoptosis via JNK activation.
Discussion
CRC is one of the most prevalent malignancies with high morbidity and mortality worldwide. Metastatic colorectal cancer (mCRC) at diagnosis is found in ~25% of patients with colorectal cancer and almost 50% of patients will develop metastasis (17) . For decades, the only treatment option available for mCRC patients was 5-FU. In recent years, due to new approaches in the treatment of mCRC, involving chemotherapy regimens including bevacizumab, cetuximab or panitumumab, response rates and overall survival has significantly improved (18) . However, 5-FU is still widely used in the treatment of various types of cancer, including colorectal (19) , breast (20) and pancreatic cancer (21) . The mechanism of 5-FU resistance still remains largely unknown despite extensive investigations. Great efforts have been made to develop novel chemotherapeutic strategies for mCRC patients and to overcome chemotherapy resistance. Multiple factors could be causing chemotherapy resistance such as the alteration of drug transport, enhancement of the drug detoxification system, modification of DNA damage tolerance mechanisms and disruption of apoptotic cell death pathways. Among them, inhibition of apoptosis is considered as the most important factor of 5-FU resistance (22) .
GA, a candidate drug, has been approved by CFDA for phase II clinical trial in solid tumor therapy (6) . Previous studies showed that GA could induce apoptosis in a broad range of human cancer cells (3, 8, (23) (24) (25) . Thus, it is possible that GA could overcome 5-FU resistant in CRC by promoting apoptosis. To explore the potential capacity of GA to overcome 5-FU resistance in CRC cells, we established the 5-FU resistant colorectal cancer cell line HCT-15R, displaying stable biological characteristics and resistance to 5-FU. We reasoned that GA has an antitumor effect on 5-FU sensitive and 5-FU resistant cells. To test this hypothesis, we performed a series of cytotoxicity experiments on both 5-FU sensitive and 5-FU resistant cells. Our results demonstrated that GA, inhibited cell proliferation and caused G 1 arrest in both 5-FU sensitive and 5-FU resistant cells. Additionally, it induced apoptosis in both 5-FU sensitive and resistant CRC cells. Western blot analyses showed that GA induced caspase-dependent apoptosis. The above data demonstrate that GA might become an ideal agent for overcoming 5-FU resistance.
GA was reported to induce apoptosis through both death receptor apoptotic pathway and mitochondrial apoptotic pathway in hepatocellular carcinoma cells (26) . On the other hand, GA was reported to induce apoptosis via a mitochondrial pathway in breast cancer cells (8) and mantle cell lymphoma cells (27) . Conversely, other reports have shown the viability of an inhibition effect of GA via mitochondriaindependent apoptotic pathway on osteosarcoma cells (28) . In the present study, we found that GA triggered the loss of MMP and subsequently released cytochrome c and AIF to the cytosol. Cytochrome c releasing from mitochondria can activate caspase-9, which in turn activates executioner caspase-3 via cleavage induction, and PARP, an important substrate of caspase-3 was cleaved. Thus our results suggest that GA could, at least partially, cause apoptosis through a mitochondrial pathway in both 5-FU sensitive and 5-FU resistant cells.
MAPKs families play an important role in complex cellular programs such as proliferation, differentiation, development, transformation and apoptosis (28) . In mammalian cells, the MAPK family includes ERKs (classical MAPK), JNKs and p38 MAPKs. Usually, ERKs are activated by mitogens (29) . In addition, JNKs and p38 MAPKs are most potently activated by cytokines, a variety of chemical and radiant stress and in response to cellular stress (30) (31) (32) . GA was reported to induce cancer cell apoptosis through p38 MAPK activation in human breast cancer MCF-7 cells (33), Doxorubicin-resistant MCF-7/ADR cells (34) and in hepatocellular carcinoma SMMC-7721 cells (25) . Evidence that JNK signaling to c-Jun contributes to stress-induced cell apoptosis have come from studies in neuron cells (32) . The activation of JNK pathway impairs survival of colorectal cancer cells by promoting cell apoptosis (35) . However, whether or not the JNK signaling pathway plays similar roles in GA-mediated apoptosis in colorectal cancer cells, especially in drug resistant colorectal cancer cells, is still unclear. Therefore, we investigated JNK signaling pathway after GA treatment. As the activation of JNK requires phosphorylation (p-JNK), it was observed that treatment with GA markedly promoted the expression of p-JNK. Several studies indicated that c-Jun is a specific target of JNK (32) . On one hand, a variety of cellular stresses such as oxidative stress can strongly activate the JNKs, which inhibit c-Jun ubiquitination and promote the c-Jun activation through c-Jun phosphorylation. On the other hand, because the transcription factor c-Jun can regulate itself, expression via binding to its own promoter as a c-Jun/ATF-2 dimer, specific phosphorylation of c-Jun by JNK could lead to increased expression of c-Jun (36) . Consistently, the active form of c-Jun (p-c-Jun) and total c-Jun protein were remarkably increased dose-and time-dependently. Furthermore, our results also showed that the inhibition with SP600125, a JNK inhibitor, partially inhibited apoptosis induced by GA, suggesting the involvement of JNK on the GA effect. Downregulation of JNK activation by SP600125, a JNK inhibitor, decreased GA-induced apoptosis, indicating that GA required the activation of JNK signaling pathways in both 5-FU sensitive and resistant cells in order to trigger the apoptotic pathway. Several studies in other cancers, such as cervical (23) , breast cancer (33) and hepatic carcinoma (25) , reported that inhibition of either JNK or p38 pathway led to inhibition of GA-induced apoptosis. Our results, together with these reports, highlight the important role of JNK signaling pathway in GA-induced apoptosis.
In conclusion, our results demonstrate that GA can directly inhibit proliferation and induce apoptosis in both 5-FU sensitive and 5-FU-resistant colorectal cancer cells and induce apoptosis via activating JNK signaling pathway. Therefore, data presented here suggest an alternative strategy to overcome 5-FU resistance in CRC, highlighting the importance of targeting JNK signaling pathways in anticancer strategies and their modulation by GA in CRC cells. Furthermore, we show the potential of GA to be used in CRC chemotherapy.
